Renal fibrosis is a final common manifestation of CKD resulting in progressive loss of kidney function. Bone marrow-derived fibroblast precursors contribute significantly to the pathogenesis of renal fibrosis. However, the signaling mechanisms underlying the activation of bone marrow-derived fibroblast precursors in the kidney are not fully understood. In this study, we investigated the role of the Janus kinase 3 (JAK3)/ signal transducer and activator of transcription (STAT6) signaling pathway in the activation of bone marrowderived fibroblasts. In cultured mouse monocytes, IL-4 or IL-13 activated STAT6 and induced expression of a-smooth muscle actin and extracellular matrix proteins (fibronectin and collagen I), which was abolished by a JAK3 inhibitor (CP690,550) in a dose-dependent manner or blocked in the absence of STAT6. In vivo, STAT6 was activated in interstitial cells of the obstructed kidney, an effect that was abolished by CP690,550. Mice treated with CP690,550 accumulated fewer bone marrow-derived fibroblasts in the obstructed kidneys compared with vehicle-treated mice. Treatment with CP690,550 also significantly reduced myofibroblast transformation, matrix protein expression, fibrosis development, and apoptosis in obstructed kidneys. Furthermore, STAT6-deficient mice accumulated fewer bone marrow-derived fibroblasts in the obstructed kidneys, produced less extracellular matrix protein, and developed much less fibrosis. Finally, wild-type mice engrafted with STAT6 2/2 bone marrow cells displayed fewer bone marrow-derived fibroblasts in the obstructed kidneys and showed less severe renal fibrosis compared with wild-type mice engrafted with STAT6 +/+ bone marrow cells. Our results demonstrate that JAK3/STAT6 has an important role in bone marrow-derived fibroblast activation, extracellular matrix production, and interstitial fibrosis development.
CKD is a serious public health burden and an independent risk factor for cardiovascular disease. It is estimated that about 11% populations in the United States are affected by CKD. 1 Fibroblast activation and extracellular matrix (ECM) deposition are pathologic features of CKD. 2 The activated fibroblasts produce ECM, which helps tissue repair and regeneration during the wound healing phase but leads to scar formation if the process persists. 3 Renal fibrosis leads to the destruction of renal parenchyma and progressive loss of kidney function. 4 Accumulating evidence indicates that bone marrow-derived fibroblast precursors termed fibrocytes contribute significantly to the development of renal fibrosis. [5] [6] [7] [8] [9] [10] [11] These cells express both hematopoietic cell markers such as CD45 and CD11b and mesenchymal cell markers such as collagen I and vimentin. 12 We recently showed that bone marrow-derived fibroblast precursors are recruited into the kidney and significantly contribute to the development of renal fibrosis. 5, 6, 10 However, the molecular mechanisms underlying activation of these cells are not fully understood.
Activation of fibroblasts is dependent on cytokines produced in the local microenvironment. 13 Profibrotic Th2 cytokines IL-4 and IL-13 promote myeloid fibroblast differentiation, whereas antifibrotic Th1 cytokines IFN-g and IL-12 inhibit its differentiation. 14, 15 The signaling mechanisms underlying Th2 cytokine-induced myeloid fibroblast activation are currently not known. In macrophages, downstream intracellular signaling of IL-4 and IL-13 involves activation of Janus kinase 3 (JAK3) and phosphorylation of signal transducer and activator of transcription (STAT6). Phosphorylated STAT6 then translocates into the nucleus and promotes IL-4-and IL-13-responsive gene transcription. 13, 16 In this study, we examined the role of JAK3/STAT6 signaling in the activation of bone marrow-derived fibroblast precursors in culture and in the kidney in a murine model of tubulointerstitial fibrosis induced by unilateral ureteral obstruction (UUO). Our results show that pharmacological inhibition of JAK3 or genetic disruption of STAT6 suppresses myeloid fibroblast activation and attenuates interstitial fibrosis development. These results establish a critical role of JAK3/STAT6 signaling in the activation of myeloid fibroblast precursors and development of renal fibrosis.
RESULTS

CP690,550 Suppresses Th2 CytokineInduced STAT6 Activation in Bone Marrow-Derived Monocytes
To examine the effect of CP690,550 on Th2 cytokine-induced STAT6 activation, mouse bone marrow-derived monocytes were treated with IL-4 or IL-13 for different time periods. IL-4 or IL-13 treatment activated STAT6 identified as phosphorylated STAT6, which occurred as early as 15 minutes and persisted for at least 24 hours, whereas there were no detectable changes in the levels of total STAT6 ( Figure 1A) . Pretreatment with CP690,550 dosedependently suppressed phosphorylation of STAT6 induced by IL-4 or IL-13 ( Figure  1 , B-E). These results indicate that IL-4/ IL-13-induced STAT6 activation is mediated by JAK3 in bone marrow-derived monocytes.
CP690,550 Inhibits the Expression of a-Smooth Muscle Actin and ECM Proteins in Bone Marrow-Derived Monocytes
We then examined the effect of CP690,550 on Th2 cytokineinduced monocyte-to-fibroblast transition and ECM protein production in vitro. Mouse bone marrow-derived monocytes were treated with IL-4 or IL-13 for 24 hours after pretreatment with CP690,550. IL-4 or IL-13 promoted the expression of a-smooth muscle actin (a-SMA), fibronectin, and collagen I in bone marrow-derived monocytes, which demonstrated the profibrotic effect of these two cytokines. Pretreatment with CP690,550 at 500 nM dose-dependently blocked IL-4-or IL-13-induced expression of these proteins (Figure 2 ). These data suggest that JAK3 signaling mediates IL-4-or IL-13-induced activation of myeloid fibroblasts and production of ECM proteins. Representative Western blots show the activation of STAT6 in monocytes at different time points by IL-4 or IL-13. Cultured bone marrow-derived monocytes are treated with IL-4 (100 ng/ml) or IL-13 (100 ng/ml) for the indicated time period. Sterile water is used as the control. Cell lysates are subjected to immunoblot analysis using antibodies against phosphorylated-STAT6 (pTyr641) and STAT6. GAPDH is used as internal loading control. (B and D) Representative Western blots show the effect of CP690,550 on STAT6 phosphorylation. CP690,550 is given 30 minutes before IL-4 or IL -13 Because TGF-b1 is an important profibrotic cytokine and plays an important role in activating bone marrow-derived fibroblasts, 17 we examined the effect of CP690,550 on TGFb1-induced a-SMA, fibronectin, and collagen I expression in normal rat kidney fibroblasts. Our results showed that CP690,550 did not affect TGF-b1-stimulated a-SMA, fibronectin, and collagen I expression (Supplemental Figure 1) , indicating that the effect of CP690,550 is independent of TGF-b1 signaling.
STAT6 Deficiency Inhibits Myeloid Fibroblast Activation In Vitro
To determine whether STAT6 signaling regulates monocyte-tofibroblast transition in vitro, we treated bone marrow-derived monocytes from wild-type (WT) and STAT6 knockout (KO) mice with Th2 cytokines. Treatment of STAT6 +/+ monocytes with Th2 cytokines induced phosphorylation of STAT6 as well as expression of fibronectin and a-SMA. By contrast, treatment of STAT6 2/2 monocytes with Th2 cytokines did not induce expression of fibronectin and a-SMA (Figure 3 ). These data suggest that an important role of STAT6 in Th2 cytokine-induced myeloid fibroblast activation and ECM protein production. Of note, STAT6 was not detected in STAT6
2/2 monocytes, indicating the specificity of STAT6 antibody.
To evaluate the role of Th2 cytokines in resident kidney fibroblast activation, normal mouse kidney fibroblasts from WTmice and normal rat kidney fibroblasts (NRK-49F; ATTC) were treated with Th2 cytokines for 24 hours. The results showed that Th2 cytokines had no effect on the activation of these fibroblasts (Supplemental Figure 2) . These results indicate that Th2 cytokines did not affect resident kidney fibroblast activation.
CP690,550 Inhibits STAT6 Activation in a UUO Model To determine whether STAT6 is active in the kidney, WT mice were subjected to UUO for 5 days. Freshly isolated kidney cells were stained for CD11b, collagen I, and p-STAT6. Flow cytometric analysis showed that myeloid fibroblast identified as CD11b and collagen I dual-positive cells account for about 50% of total p-STAT6-positive cells (Supplemental Figure 3) .
We next examined the effect of CP690,550 on STAT6 activation in the kidney in a mouse model of tubulointerstitial fibrosis induced by UUO. WT mice were administered either vehicle or CP690,550 orally after UUO surgery. The contralateral kidneys were used as controls. Kidney sections were stained with a phospho-STAT6 (Tyr641) antibody. Prominent nuclear staining of phosphorylated STAT6 was mainly detected in interstitial cells after UUO in the vehicle group. CP690,550
significantly inhibited phospho-STAT6-positive staining in the obstructed kidneys ( Figure 4A ). Consistent with these findings, Western blot analysis showed that CP690,550 suppressed STAT6 activation in response to UUO ( Figure 4 , B and C).
CP690,550
Attenuates Bone Marrow-Derived Fibroblast Accumulation and Myofibroblast Transformation Bone marrow-derived fibroblasts contribute significantly to the pathogenesis of renal fibrosis. To examine the role of JAK3 in the activation of bone marrow-derived fibroblasts in response to obstructive injury, we performed immunofluorescence staining on frozen sections from both vehicleand CP690,550-treated mice. The bone marrow-derived fibroblasts were identified using double staining for both CD11b, a hematopoietic marker, and platelet- . Cultured bone marrow-derived monocytes are pretreated with CP690,550 (500 nM) for 30 minutes, followed by either IL-4 (100 ng/ml) or IL-13 (100 ng/ml) treatment for 24 hours. (C and D) Quantitative analysis of the expression of fibronectin, collagen I, and a-SMA in response to IL-4 or IL-13 treatment with or without CP690,550. **P,0.01 compared with the control group; ## P,0.01 compared B). These data indicate that JAK3 mediates the activation of bone marrow-derived fibroblast precursors in the UUO kidneys.
We next determined whether the JAK3 signaling pathway regulates the development of myofibroblasts in the kidneys. The number of a-SMA + myofibroblasts was significantly increased in the vehicle-treated mice after UUO. CP690,550 treatment led to a significant reduction in the number of myofibroblasts in the obstructed kidneys ( Figure 5 , C and D). Consistent with these findings, the expression levels of a-SMA protein were markedly reduced by CP690,550 in the obstructed kidneys ( Figure 5 , E and F). These results indicate that JAK3 signaling promotes the development of myofibroblasts in the kidneys.
JAK3 Inhibitor Reduces Renal Fibrosis and ECM Protein Production
We then examined the effect of the JAK3 inhibitor on the development of renal fibrosis. Vehicle-treated mice developed significant interstitial collagen deposition in the obstructed kidneys as demonstrated by picrosirius red staining, whereas these fibrotic responses were significantly attenuated in the obstructed kidneys of mice treated with CP690,550 (Figures 6, A and B, and 7, A and B).
We further tested the effect of the JAK3 inhibitor on the expression of fibronectin and collagen I in the UUO kidneys.
Immunofluorescence staining and Western blot analysis showed that CP690,550 treatment resulted in a significant reduction in the protein levels of fibronectin and collagen I in the obstructed kidneys ( Figure 6 , C-F). Moreover, CP690,550 treatment led to a significant reduction in collagen contents in the kidneys after UUO ( Figure 7C ). These data indicate that JAK3 signaling plays an important role in the production and deposition of ECM proteins.
JAK3 Inhibitor Attenuates Apoptotic Cell Death
Because obstructive injury led to apoptotic cell death in the kidney 18 and caspase 3 is the final effector caspase that mediates apoptotic cell death, 19 we then examined the effect of CP690,550 on caspase 3 activation in the kidney. Western blot analysis using an antibody against active caspase 3 demonstrated that the levels of active caspase 3 were significantly higher in the obstructed kidneys of vehicle-treated mice. CP690,550 treatment significantly reduced caspase 3 activation in the kidney after UUO (Supplemental Figure 4) . These data indicate that CP690,550 inhibits caspase 3 activation and apoptotic cell death in the kidney after obstructive injury.
STAT6 Deficiency Suppresses Bone Marrow-Derived Fibroblast Accumulation
To explore the role of STAT6 signaling in bone marrow-derived fibroblast accumulation, WTand STAT6 KO mice were subjected to obstructive injury for 7 days. Kidney sections were stained for CD45 and procollagen I or CD11b and PDGFR-b and examined with a fluorescence microscope. The number of bone marrow-derived fibroblasts that were dual positive for CD45 and procollagen I or CD11b and PDGFR-b was significantly reduced in the kidneys of STAT6 KO mice compared with WT mice (Figure 8, A-D) . These data indicate that STAT6 has an important role in recruiting bone marrow-derived fibroblast precursors into the kidney in response to obstructive injury.
We recently showed that myeloid fibroblasts are derived from monocytes through M2 macrophage polarization. 7 We next determined whether STAT6 signaling pathway affected macrophage polarization and myeloid fibroblast transformation. Kidney sections were stained for CD206, a marker for M2 macrophages, and procollagen I. Our results revealed that the number of CD206 and procollagen I dual-positive cells was increased in obstructed kidneys of vehicle-treated mice, whereas the number of CD206 and procollagen I dual-positive cells was significantly reduced in obstructed kidneys of STAT6 KO mice (Figure 8 , E and F). These results support our notion that myeloid fibroblasts are derived from monocytes through M2 macrophage polarization and this process is regulated by STAT6 signaling pathway.
STAT6 Deficiency Suppresses Myofibroblast Transformation
To determine the effect of STAT6 deficiency on the myofibroblast formation, WT and STAT6 KO mice were subjected to UUO for 14 days. Kidney sections were stained for a-SMA and examined with a fluorescence microscope. STAT6 deficiency resulted in a significant reduction in the number of a-SMA + myofibroblasts in obstructed kidneys compared with those of WT mice (Figure 8 , G and H). Consistent with these findings, Western blot analysis showed that STAT6 deficiency significantly reduced the protein expression level of a-SMA in obstructed kidneys compared with WT mice (Figure 8, I and J) .
We next examined the role of STAT6 on the T cell infiltration into the kidney. Kidney sections were stained for CD3, a marker for T cells. The results showed that STAT6 deficiency had no effect on T cell infiltration into the kidney (Supplemental Figure 5 ).
STAT6 Deficiency Inhibits Renal Fibrosis and ECM Protein Production
To evaluate the effect to STAT6 deficiency on the development of renal fibrosis, kidney sections were stained with picrosirius red. Total collagen deposition was significantly reduced in the obstructed kidneys of STAT6 KO mice compared with WTmice ( Figure 9, A and B) .
We next examined the effect of STAT6 deficiency on the expression and accumulation of collagen I and fibronectin, two major components of ECM. Immunofluorescence staining and Western blot analysis demonstrated that loss of STAT6 attenuated the upregulation of collagen I and fibronectin in the kidneys after 2 weeks of obstructive injury ( Figure 9 , C-F). These data indicate that STAT6 deficiency inhibits collagen deposition and ECM protein production in response to UUO.
STAT6 Deficiency in Bone Marrow-Derived Fibroblasts Inhibits Renal Fibrosis
To dissect the role of STAT6 in bone marrow-derived cells in the development of renal fibrosis in vivo, we performed bone marrow transplantation of WT mice with STAT6 +/+ or STAT6 2/2 bone marrow cells. Seven to 8 weeks after bone marrow transplantation, chimeric mice were subjected to UUO for 10 days. The genotype of bone marrow-derived cells from the chimeric mice was confirmed by PCR of DNA extracted from peripheral blood cells (Supplemental Figure 6) . Compared with WT mice transplanted with STAT6 +/+ bone marrow cells, WT mice transplanted with STAT6 2/2 bone marrow cells accumulated fewer bone marrow-derived fibroblasts and displayed a lesser degree of renal fibrosis (Figure 10 ). These data indicate that STAT6 signaling in bone marrowderived cells is important for activation of myeloid fibroblasts and development of renal interstitial fibrosis.
DISCUSSION
Bone marrow-derived fibroblasts have been shown to contribute significantly to the production of ECM proteins and development of renal fibrosis. [6] [7] [8] [9] 17, 20, 21 Recruitment of these circulating fibroblast precursors depends on locally produced chemokines. We previously showed that chemokine CXCL16 and its receptor CXCR6 play a critical role in recruiting these cells from the circulation to the injured kidney after obstructive injury, ischemia-reperfusion, and angiotensin II-induced hypertension. 5, 6, 10, 11 The activation of myeloid fibroblast precursors is regulated by locally produced cytokines. 7, 8, 17 Profibrotic cytokines IL-4 and IL-13 promote fibrocyte differentiation, whereas antifibrotic cytokines IFN-g and IL-12 inhibit its differentiation, suggesting that a complex interplay in the inflamed milieu determines the fate of bone marrow-derived fibroblast precursors. 14,15 Naive CD4 + T cells can differentiate into two major distinct phenotypes, Th1 and Th2 cells, which are characterized by specific cytokine expression patterns. 13 Th2 cells produce IL-4 and IL-13, which induce alternative activation of macrophages and promote monocyte-to-fibroblast transition. 13 However, the molecular signaling mechanisms by which Th2 cytokines promote bone marrow-derived fibroblast activation are not defined. IL-4 and IL-13 have been shown to activate JAK3/STAT6 signaling pathway in hematopoietic cells. 16, 22, 23 Once these cytokines bind to their cognate receptors, the associated JAK3 kinase is activated, which phosphorylates STAT6 at Y-641. 24 Once phosphorylated, STAT6 forms homodimers that translocate to the nucleus, bind to cognate DNA elements, and regulate gene expression. 16 In this study, we identified an important role of JAK3/ STAT6 signaling in activation of bone marrow-derived fibroblast precursors and development of renal fibrosis. CP690,550 (tofacitinib) is a novel smallmolecule inhibitor of JAK3. It was originally developed as an immunosuppressive agent for organ transplantation. 25 Recent studies have shown its efficacy for the treatment of rheumatoid arthritis, 26 psoriasis, 27 and ulcerative colitis. 28 In this study, our results show that CP690,550 inhibits the phosphorylation of STAT6 and production of ECM proteins in bone marrow-derived monocytes induced by IL-4 and IL-13. Furthermore, CP690,550-treated mice accumulate fewer myeloid fibroblasts and myofibroblasts and exhibit fewer fibrotic changes in the kidney after UUO. These data indicate that JAK3 mediates IL-4-and IL-13-induced STAT6 phosphorylation, myeloid fibroblast activation, and ECM protein production in vitro and in vivo.
STAT6 is activated by IL-4 and IL-13 and plays an important role in the immune system. 16 However, accumulating evidence indicates that STAT6 may function in other organ systems. 29 Using genetic mutant mice, the important role of STAT6 activation in the pathogenesis of fibrosis has been investigated. In a tight-skin mutation mouse model, STAT6 KO mice develop less severe skin fibrosis. 30 In a mouse pulmonary fibrosis model, STAT6 gene expression was markedly increased in the lung. Furthermore, the expression of Found In Inflammatory Zone 1 protein was decreased in STAT6-deficient mice, suggesting its role in promoting lung fibrosis and tissue remodeling. 31 In this study, we have shown that STAT6 is activated in mouse bone marrow-derived monocytes in response to IL-4 or IL-13 and in the interstitial cells of the kidney after obstructive injury. STAT6 deficiency inhibits bone marrow-derived fibroblast accumulation, myofibroblast formation, ECM protein expression, and collagen deposition in the obstructed kidneys. Furthermore, the results of bone marrow chimeric experiments provide strong evidence that STAT6 in bone marrow-derived cells mediates myeloid fibroblast activation and renal fibrosis development after obstructive injury.
There are at least two strains of STAT6 KO mice. One strain of STAT6 KO mice was generated by deleting the first coding exon of STAT6, resulting in a truncated form of STAT6. 32 Another strain of STAT6 KO mice was generated by deletion of amino acids 505-584 encoding the SH2 domain of STAT6. 33 These two strains of STAT6 knockout mice may exhibit different phenotypes. 34 Mice with a deletion of the first coding exon of STAT6 induce Th2 cell differentiation and are resistant to experimental autoimmune encephalomyelitis induction. By contrast, STAT6
2/2 mice generated by deletion of the SH2 domain of STAT6 are defective in Th2 cell differentiation and develop severe experimental autoimmune encephalomyelitis. In our study, we utilized mice with genetic deletion of the SH2 domain of STAT6. Our results show that deletion of the SH2 domain of STAT6 suppresses myeloid fibroblast activation both in vitro and in vivo and inhibits ECM protein production in the kidney after obstructive injury. Yukawa et al. used mice with deletion of the first coding exon of STAT6 and showed that these mice had more apoptotic cells and F4/80 + cells, exhibited less severe renal fibrosis, and accumulated less collagen I in the obstructed kidneys. 35 Macrophages play an important role in the regulation of fibrosis. 36 Recent evidence indicates that macrophages are heterogeneous and display a remarkable plasticity. 37 Classically activated macrophages promote inflammation, whereas alternatively activated macrophages or M2 macrophages stimulate ECM production. 38 F4/80 and CD68 are thought to be macrophagespecific markers. Recent studies have shown that bone marrow-derived fibroblasts also express F4/80 and CD68. [39] [40] [41] In this study, our results demonstrate that disruption of STAT6 impairs M2 macrophage polarization and myeloid fibroblast transformation, which is consistent with the notion that myeloid fibroblasts are derived from monocytes via M2 macrophage polarization. 7, 14 Nevertheless, the optimal marker for macrophage subtypes in vivo and the potential involvement of JAK3/ STAT6 in the regulation of inflammatory macrophages require further investigation. In conclusion, our study demonstrates that JAK3/STAT6 signaling plays a critical role in the pathogenesis of renal fibrosis. In response to obstructive injury, JAK3/STAT6 signaling activated by Th2 cytokines promotes bone marrowderived fibroblast activation, ECM protein production, and development of renal interstitial fibrosis. Therefore, inhibition of JAK3/STAT6 signaling could be a novel therapeutic target for the treatment of CKD.
CONCISE METHODS
Animals and UUO Surgery
Animal experiments were approved by the Baylor College of Medicine Institutional Animal Care and Use Committee. The investigation conforms to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The STAT6 KO mice on a background of C57BL/6J were generated as described. 33 WT C57BL/6 and STAT6 KO mice were purchased from The Jackson Laboratory (Bar Harbor, Maine). Male WT or STAT6 KO mice aged 8-10 weeks (weighing 20-30 g) were used for the studies. The UUO procedure was performed as described. 6, 7, 17, 42, 43 Bone Marrow Transplantation Bone marrow transplantation was performed as previously described. 6, 10, 17, 42, 44 Briefly, bone marrow cells (5310 6 ) from WT or STAT6 KO mice were transferred to lethally irradiated WT mice. Chimeric mice were allowed to recuperate for 7-8 weeks before UUO surgery.
CP690,550 Administration
CP690,550 was purchased from LC Laboratories (Woburn, MA) and dissolved in 0.5% methylcellulose for in vivo study or in DMSO for in vitro use. Either vehicle or CP-690,550 (15 mg/kg) in a volume of 200 ml was given to the mice through a feeding needle twice daily from days 1 to 7. The doses of CP690,550 used in our studies are well established in previous reports. 45 A dosage of 30 mg/kg per day was selected based on our preliminary studies showing that 15 mg/kg per day had slight effect on renal fibrosis. The UUO surgery was performed 4 hours after the first dose of either vehicle or CP690,550 on day 1.
Bone Marrow Monocyte Culture and Treatment
Mouse bone marrow monocytes were isolated and cultured as previously described. 7 Briefly, bone marrow monocytes were isolated from the femur and tibia of 8-to 10-week-old mice, passed through a 40-mm cell strainer (Corning, Tewksbury, MA), and cultured in RPMI medium containing 10% FBS, 10% L929-conditioned medium, 1% glutamine, 1% MEM vitamins, and 1% penicillin/streptomycin in a humid incubator at 37°C and 5% CO 2 . Fresh medium was replaced every 2-3 days. For IL-4 or IL-13 treatment, cells were starved with RPMI 1640 containing 2% FBS and 2% L929-conditioned medium for 24 hours and then exposed to vehicle, IL-4, or IL-13 (PeproTech, Rocky Hill, NJ) in the absence or presence of CP690,550 (LC Laboratories). 
Immunofluorescence
Immunofluorescence staining was performed as described. [5] [6] [7] 10, 11 For double immunofluorescence, kidney sections were incubated with primary antibodies, followed by appropriate secondary antibodies. Fluorescence intensity was visualized using a microscope equipped with a digital camera (Nikon, Melville, NY). Quantitative evaluation of sections was performed using NIS-Elements Br 3.0 software.
Immunohistochemistry
Immunohistochemical staining was performed on paraffin sections. with hematoxylin. The images were acquired with a Nikon microscope image system (Nikon).
Western Blot Analyses
Protein was extracted using radioimmunoprecipitation buffer containing cocktail proteinase inhibitors (Thermo Fisher Scientific, Rockford, IL). Equal amounts of protein were separated on SDS-polyacrylamide gels in a Tris/glycine buffer system, transferred onto nitrocellulose membranes, and blotted according to standard procedures with primary antibodies overnight followed by incubation with appropriate fluorescence-conjugated secondary antibodies. The proteins of interest were analyzed using an Odyssey IR scanner, and signal intensities were quantified using NIH ImageJ software.
Hydroxyproline Assay
Hydroxyproline content was determined using a colorimetric kit (Sigma-Aldrich, St. Louis, MO). Tissue samples were hydrolyzed in 6 N HCl (final concentration) at 120°C for 3 hours. The hydroxyproline content was assayed according to the manufacturer's protocol. Values were expressed as micrograms per milligram of tissue.
Statistical Analyses
All data were expressed as mean6SEM. Multiple group comparisons were performed by ANOVA followed by the Bonferroni procedure for comparison of means. P,0.05 was considered statistically significant. 
